Background
==========

Mitochondria are dynamic organelles whose function and total number must be responsive to the energy demand of the cell. When cellular energy demand is high, expression of genes encoding mitochondrial factors must be up-regulated. Although the mitochondrial genome encodes components of the oxidative phosphorylation pathway, the majority of the proteins required for mitochondrial biogenesis and function are encoded by the nuclear genome. While a number of transcription factors, including NRF1, NRF2, PPARα and PPARγ, are required for activation of many nuclear encoded mitochondrial genes, little has been reported regarding repression of these same genes \[[@B1]\].

Mitochondria contain three important classes of proteins encoded by nuclear genes \[[@B2]\]. The first class includes the catalytic and auxiliary proteins of the numerous enzyme systems. These include enzyme systems involved in fatty acid oxidation, the citric acid cycle, oxidative phosphorylation, and the removal of reactive oxygen species (ROS). A second class of mitochondrial proteins includes components required for protein import of mitochondrial factors into the mitochondrial intermembrane space, the inner membrane, and the mitochondrial matrix. The third class is comprised of the enzymes and additional proteins required for replication and translation of the mitochondrial genome which are thus required for mitochondrial biogenesis. Subsets of mitochondrial genes have been shown to increase or decrease in expression under a variety of tested conditions, suggesting that these groups of genes are co-regulated \[[@B3],[@B4]\]. We previously determined that many nuclear encoded mitochondrial genes are subject to regulation by the SIN3 transcriptional corepressor \[[@B5]\]. Elimination of SIN3 in *Drosophila*S2 tissue culture cells by RNA interference (RNAi) led to an increase in the expression of a substantial number of genes encoding mitochondrial proteins in all three classes \[[@B5]\]. The SIN3-deficient cells were also found to have an increase in mitochondrial mass.

Although *Drosophila*SIN3 is required for viability during both embryonic and larval stages of development, the exact nature of the essential requirement for SIN3 is not understood \[[@B6]-[@B8]\]. SIN3 is a component of the SIN3 histone deacetylase complex, required for general repression of transcription \[[@B9]\]. RPD3 is the catalytic component of the SIN3 complex \[[@B10]-[@B12]\]. Similar to SIN3, loss of *Drosophila*RPD3 leads to loss of viability as well as alterations in mitochondrial function and gene activity \[[@B13]-[@B16]\]. Loss of either SIN3 or RPD3 causes an increase in mitochondrial citrate synthase activity, indicating that mitochondrial oxidative capacity is affected following decreased expression of key SIN3 complex components \[[@B13]\].

Given the finding that the SIN3 corepressor affects expression of nuclear genes encoding mitochondrial proteins, we decided to further investigate the relationship between SIN3 and mitochondrial gene activity and function. We find that similar to the increase in expression of the nuclear encoded mitochondrial genes, we see an increase in expression of genes encoded by the mitochondrial genome. This elevation is due to increased transcription as the number of mitochondrial DNA genomes is unchanged in the SIN3-deficient cells. Additionally, we find that the increased expression of genes encoding proteins with mitochondrial function is accompanied by an alteration in ATP levels. These results suggest that the changes in gene expression give rise to altered mitochondrial function. In support of these findings yeast *sin3*null mutants grow very poorly on media containing only non-fermentable carbon sources. The *sin3*null strain also exhibits lowered levels of ATP and respiration rates relative to wild type. The data implicate SIN3 as having a role in the control of cellular energy production.

Results
=======

SIN3 regulates genes involved in mitochondrial physiology
---------------------------------------------------------

Previously published research from one of the authors (LAP) revealed that reduction of SIN3 by RNAi results in up-regulation of numerous genes involved in multiple aspects of mitochondrial biology, including activity and biogenesis \[[@B5]\]. Using RNAi methodology in cultured *Drosophila*cells, we have a tractable system that enables us to induce a group of co-regulated genes by loss of the corepressor SIN3. This system allows us to monitor and compare molecular events that occur before and after induction of the different classes of mitochondrial genes including those of the enzyme systems, protein import, and biogenesis. Because SIN3 regulates many genes, we selected a representative set for analysis (Figure [1B](#F1){ref-type="fig"}, Additional file [1](#S1){ref-type="supplementary-material"}). Genes encoding each mitochondrial protein class are represented in the up-regulated genes. We chose at least one gene from each class. A number of genes encoding proteins involved in the numerous enzyme systems were selected. We are thus able to compare the regulation of genes within and between distinct mitochondrial processes. We chose genes encoding proteins of the individual energy pathways of the enzyme systems including fatty acid oxidation, citric acid cycle, oxidative phosphorylation, and the removal of ROS. Expression of genes encoding proteins involved in glycolysis, which takes place in the cytoplasm, but produces pyruvate used in mitochondria were also analyzed. A number of the selected genes are known to be regulated by trans-factors that have a putative link to either SIN3 or histone deacetylation. For example, mRpL19, EfTuM, ferrochelatase, and Tim10 were all shown to be bound by one or more members of the Max family network of transcription factors \[[@B17]\]. Repression by the Max family member Mad is mediated through interactions with SIN3 \[[@B18]\]. Gapdh1 and pyruvate kinase are glycolytic genes regulated in part by HIF-1 \[[@B19]\]. HIF-1 associates with FIH-1 which mediates repression of HIF-1 through interaction with HDAC-1 \[[@B20]\]. Cytochrome *c*(*Drosophila*CG2140) and PHGPx are regulated in part by Sp1 that has been shown to interact with SIN3 \[[@B21]-[@B23]\]. Thiolase and acyl carnitine transporter (*Drosophila*CG3476) have been found to be regulated by PPARα \[[@B24],[@B25]\]. Multiple PPARα-regulated genes are induced by treatment with histone deacetylase inhibitors \[[@B26]\]. Thioredoxin reductase is also activated following inhibition of histone deacetylation \[[@B27]\].

![**Expression of nuclear encoded genes involved in multiple mitochondrial processes is up-regulated following loss of SIN3**. SIN3-deficient cells were generated by RNAi methodology using dsRNA generated against different regions of the SIN3 transcript KD1 (black bars) or KD2 (gray bars). (A) Western blot analysis of whole cell extracts prepared from control or SIN3-deficient cells as indicated. The blots were probed with antibody to SIN3 or to β-tubulin as a loading control. (B) qPCR was performed using cDNA prepared from control and SIN3-deficient cells as a template and primer pairs for the genes indicated along the Y-axis. Relative levels of gene expression are indicated. \*Genes with decreased expression in microarray. \*\*Genes with no expression level change in microarray. Genes are grouped according to process: I-glycolysis, II-citric acid cycle, III-fatty acid oxidation, IV-oxidative phosphorylation, V-mitochondrial biogenesis, VI-reactive oxygen species (ROS) pathways, VII-heme synthesis, and VIII-transporter. Error bars represent standard error (n = 3-6 for KD1 and n = 3-5 for KD2). p ≤ 0.05 for all data.](1471-2091-11-26-1){#F1}

To extend the previously published microarray data and to determine the relative difference in expression, we analyzed gene expression by quantitative RT-PCR analysis. To ensure that the changes in gene expression were due to loss of SIN3 and not the result of an off target effect \[[@B28]\], we generated double stranded RNA (dsRNA) against two different regions of the SIN3 gene. The amount of SIN3 knockdown was monitored by Western blot analysis of whole protein extracts prepared from the cells. SIN3 expression was reduced to similar levels in cells incubated with dsRNA targeting the two different sequences of the SIN3 mRNA (Figure [1A](#F1){ref-type="fig"}). cDNA made from RNA isolated from each of the cell populations, control, SIN3-deficient 1 (KD1), and SIN3-deficient 2 (KD2), was analyzed by a quantitative real-time PCR (qPCR) assay. The fold change in expression of the selected genes is given in Figure [1B](#F1){ref-type="fig"}. The majority of the genes selected (Additional file [1](#S1){ref-type="supplementary-material"}) were previously identified as SIN3 targets by microarray analysis of RNAi-induced SIN3-deficient cells \[[@B5]\]. We also included two genes, phosphoglycerate kinase and aldolase, which did not show a change in expression by the microarray analysis, as well as two genes, microsomal glutathione transferase 1 (Mgst1) and CG11784 (glutathione transferase), that showed down-regulation in the microarray study. The increases in gene expression following loss of SIN3 using the same dsRNA (KD1) as in the microrarray experiment ranged from 1.6 to 4.1 fold, consistent with the microarray data \[[@B5]\]. Use of dsRNA targeting a distinct sequence of SIN3 (KD2) also resulted in up-regulation of the majority of genes tested, although for some of these, the amount of increase was less than 1.5 fold. CG11784 (glutathione transferase), one of the two down-regulated genes tested, showed a decrease following SIN3 knockdown using either of the dsRNAs. The other gene, Mgst1, that by microarray was found to be down-regulated, showed essentially no change in expression as measured by qPCR. The phosphoglycerate kinase and aldolase genes had similar levels of expression in the control and SIN3-deficient cells, consistent with the microarray data. The results of this qPCR experiment confirm our previous findings that loss of SIN3 results in the coordinated up-regulation of genes encoding proteins involved in multiple mitochondrial functions. We saw similar patterns of changes in gene expression with either of the SIN3 targeting dsRNAs, indicating that the observed effects are likely due to loss of SIN3 and are not the result of an off target effect.

Mitochondrial encoded genes are up-regulated following loss of SIN3
-------------------------------------------------------------------

Because loss of SIN3 resulted in increased expression of nuclear encoded mitochondrial genes, we next examined expression of genes encoded by the mitochondrial genome in SIN3-deficient cells. We assayed RNA levels using qPCR analysis with primers designed to individually amplify four distinct mitochondrial encoded genes. cDNA made from RNA isolated from control and SIN3-deficient S2 cells was used as template for qPCR. Loss of SIN3 resulted in increased expression of the four mitochondrial genes tested, mt: ATPase6, mt: CoI, mt: Cyt-b and mt: ND1 (Figure [2A](#F2){ref-type="fig"}). Interestingly, the increase in expression of the mitochondrial encoded genes in the SIN3-deficient cells was very similar to the level of increase in expression of the nuclear encoded genes. The changes were in the range of 1.4 to 2.0 fold. Mitochondrial encoded genes are regulated by transcription factors that are encoded by the nuclear genome. We determined whether nuclear encoded transcription factors, including TFAM, TFB1, TFB2, mitochondrial RNA polymerase (mtRNA-pol) and transcription termination factor DmTTF, showed a change in expression following loss of SIN3. While the majority of the factors did not show a significant increase in expression in the SIN3-deficient cells, mtRNA-pol was up-regulated 1.4 fold relative to control cells (Figure [2B](#F2){ref-type="fig"}). Taken together, the data suggest that the increase in the levels of the tested mitochondrial transcripts is possibly due to an increase in the level of mtRNA-pol. The finding that the increases in expression of the nuclear and mitochondrial encoded genes are all in the same range is consistent with numerous reports outlining cross-talk between the nuclear and mitochondrial genomes \[[@B29]\].

![**Analysis of mitochondrial gene expression and genome copy number**. Expression analysis of mitochondrial encoded genes (A) and nuclear encoded mitochondrial transcription factors (B). Total RNA isolated from control and SIN3-deficient cells (KD1, black bars, and KD2, gray bars) was used to generate cDNA. qPCR was performed using the cDNA as a template and primer pairs for the genes indicated along the X-axis. Relative levels of gene expression are indicated. Error bars represent standard error. A, n = 7 for KD1 and n = 5 for KD2, p \< 0.05 for all data. B, n = 4, \*p \< 0.05. (C) Mitochondrial DNA copy number is unaltered following loss of SIN3. DNA was isolated from control and SIN3-deficient cells. qPCR was performed using the DNA as a template and primer pairs for both nuclear and mitochondrial genome sequences as indicated along the X-axis. Pro-cyt-c-p amplifies the promoter region of Cyt-c-p. Relative copy number is indicated. The nuclear gene glutathione transferase (CG11784) was used for normalization. Error bars represent standard error (n = 3).](1471-2091-11-26-2){#F2}

The up-regulation of mitochondrial ribosomal and translation elongation proteins suggests that mitochondrial biogenesis is increased in SIN3-deficient cells. In addition, SIN3-deficient cells have more mitochondrial mass compared to control cells \[[@B5]\]. Given these findings, we decided to determine the relative mitochondrial DNA copy number in control and SIN3-deficient cells. DNA extracted from each of the samples was subjected to qPCR analysis using primer pairs specific for mitochondrial DNA. As a control, we also determined the relative levels of two nuclear encoded genes. Based on relative levels of four mitochondrial genes, we found that mitochondrial DNA copy number was unchanged following loss of SIN3 (Figure [2C](#F2){ref-type="fig"}). The finding that the transcripts of these mitochondrial encoded genes are increased while mitochondrial genome copy number is unchanged suggests that, in SIN3-deficient cells, there is an increase in the amount of mitochondrial gene transcription from the equivalent number of genomes rather than similar levels of transcription from an increased number of mitochondrial genomic templates.

Mitochondrial function is altered in SIN3-deficient cells
---------------------------------------------------------

Following loss of SIN3, the expression of nuclear and mitochondrial genes encoding proteins important for glycolysis, the citric acid cycle, fatty acid oxidation and oxidative phosphorylation is increased (Figure [1B](#F1){ref-type="fig"}). Glycolysis, the citric acid cycle and fatty acid oxidation produce NADH and FADH~2~that feed into oxidative phosphorylation resulting in ATP production. Since transcription of mitochondrial encoded genes can be correlated with ATP levels \[[@B30],[@B31]\] we asked whether ATP levels are increased in SIN3-deficient cells. The relative amount of ATP present in extracts from control and SIN3-deficient S2 cells was determined. We found that while ATP levels were elevated in SIN3-deficient cells relative to the control samples, the increase was not statistically significant (Figure [3A](#F3){ref-type="fig"}). Proliferating cells grown in culture often rely more heavily upon glycolysis rather than oxidative phosphorylation for ATP production \[[@B32]\]. In some tissue culture cell lines, oxidative phosphorylation has been shown to be inhibited by excess glucose \[[@B33]\]. In an effort to promote oxidative phosphorylation in *Drosophila*S2 cells, we grew the cells in media diluted 1:4 with PBS (depleted) for 24 hours prior to the ATP assay. Under these conditions, SIN3-deficient cells exhibited a decrease in ATP levels relative to the control cells (Figure [3A](#F3){ref-type="fig"}). These data suggest that when cells are cultured under conditions that favor ATP generation by oxidative phosphorylation rather than by glycolysis, loss of SIN3 results in lowered ATP production compared to that in wild type cells.

![**ATP levels and respiration are affected in S2 cells following loss of SIN3 in nutrient depleted conditions**. (A) ATP levels of S2 cells grown in normal or depleted media with and without SIN3. Error bars represent standard error (n = 3-5). \*\*p = 0.02. ATP present in whole cell extracts prepared from control and SIN3-deficient cells was quantified using the bioluminescent method. (B) Relative respiration levels in S2 cells grown in normal or depleted media with and without SIN3 (n = 3). Error bars represent standard error. \*p \< 0.05.](1471-2091-11-26-3){#F3}

We also monitored respiration rate in the SIN3-deficient cells relative to controls. Grown under normal culture conditions, we observed little change in respiration using one dsRNA target sequence and an increase using the other sequence (Figure [3B](#F3){ref-type="fig"}). In the depleted condition, consistent with the lowered ATP levels, both sets of SIN3-depleted cells had lower respiration rates compared to control cells (Figure [3B](#F3){ref-type="fig"}). Taken together, the ATP and respiration data suggest that loss of SIN3 leads to changes in gene transcription that affects mitochondrial function.

Yeast Sin3 mutants exhibit defects in ATP production and respiration
--------------------------------------------------------------------

Unlike in *Drosophila, Saccharomyces cerevisiae SIN3*is not an essential gene \[[@B34]\]. Gene expression profiles of null mutants revealed that yeast Sin3 (ySin3) regulates genes involved in carbon metabolism \[[@B35],[@B36]\]. We hypothesized that as ySin3 regulates expression of genes encoding proteins that function in the mitochondria, the *sin3*mutant may display altered ability to grow in media prepared with non-fermentable carbon sources. To test our hypothesis, we monitored the growth rates of wild type and *sin3*mutant cells in glucose-containing fermentable media (YPD) and in non-fermentable media. Glucose is the preferred carbon source for yeast, which produce ATP through glycolysis and fermentation. In the absence of glucose and in the presence of other carbon sources, including glycerol and ethanol, ATP production can only occur through the citric acid cycle and oxidative phosphorylation requiring functional mitochondria \[[@B37]\]. The *sin3*mutant displayed a slightly delayed growth phenotype when cultured in YPD (Figure [4A](#F4){ref-type="fig"} and Additional file [2](#S2){ref-type="supplementary-material"}). This growth defect is possibly due to a cell cycle delay in the G2 phase of the cell cycle. *SIN3*was recently found to be important for cell cycle progression as the percentage of cells in G2 phase was elevated in the null mutant relative to the control strain \[[@B38]\]. In striking contrast to the data obtained on glucose-containing media, the *sin3*mutant grew very poorly in each of the non-fermentable media tested (Figure [4A](#F4){ref-type="fig"}, Additional file [2](#S2){ref-type="supplementary-material"}).

![***S. cerevisiaeSIN3*and *RPD3*are critical for growth in media prepared with non-fermentable carbon sources**. Wild type (BY4741 WT), *sin3*null mutant (BY4741 sin3) (A), wild type (BY4742 WT) and *rpd3*null mutant (BY4742 rpd3) (B) cells were grown in 5 ml of YPD, washed twice with water, inoculated into media containing glucose (YPD), ethanol (YPE) and glycerol and ethanol (YPGE) as sole carbon sources and incubated at 30°C. Absorbance at 550 nm was measured at the indicated times. Representative results of single growth curve assays are shown. A minimum of three independent trials was performed and all produced similar results.](1471-2091-11-26-4){#F4}

As *SIN3*was not previously identified in global screens for factors required for respiratory activity \[[@B39]-[@B42]\], we wished to verify our findings using a *sin3*mutant having a different genetic background. Two additional independent *sin3*mutants grew very poorly on non-fermentable carbon sources as compared to their wild type counterpart strains (Additional file [3](#S3){ref-type="supplementary-material"}). Very poor growth of the mutants was also noted when the strains were spread onto solid agar plates containing the respective carbon sources (Additional files [4](#S4){ref-type="supplementary-material"}, [5](#S5){ref-type="supplementary-material"}) Given the poor growth on non-fermentable carbon sources, it is important to verify that the *sin3*mutant strains are not petite. To verify that the strains contain mitochondrial DNA, the cells were stained with DAPI. Mitochondrial genomes were observed in all mutants indicating the defective growth on non-fermentable carbon is not due to the strains becoming rho^o^(Additional file [6](#S6){ref-type="supplementary-material"}).

We also tested whether a deletion in yRpd3, the catalytic component of the SIN3 histone deacetyase complex, would affect growth in non-fermentable carbon. Like *SIN3*, *RPD3*is a non-essential gene \[[@B43]\]. As expected, we determined that yRpd3 was dispensable for growth in glucose-containing YPD (Figure [4B](#F4){ref-type="fig"}, Additional file [7](#S7){ref-type="supplementary-material"}). Similar to the *sin3*mutants, the *rpd3*mutant grew very poorly in liquid media and on solid agar plates containing non-fermentable carbon sources (Figure [4B](#F4){ref-type="fig"}, Additional file [7](#S7){ref-type="supplementary-material"}). Staining of mitochondrial DNA in the *rpd3*mutant verified that the strain was not rho^o^(Additional file [6](#S6){ref-type="supplementary-material"}). Taken together, these results clearly demonstrate that yeast *SIN3*and *RPD3*are critical for mitochondrial function.

To further analyze the yeast *sin3*mutant for mitochondrial activity, we monitored ATP levels and respiration rates in wild type and *sin3*strains. We performed these assays using cells grown in glucose and non-fermentable media. Samples were collected from cells in both log and stationary phases of growth. During log phase, yeast produce ATP primarily through fermentation. As glucose in the media becomes exhausted, cells become adapted to mitochondrial respiration, a metabolic process known as the diauxic shift \[[@B44]\]. The respiration rate of wild type cells isolated in stationary phase was higher relative to the rate in cells that were still in the log phase of growth, indicating the switch to aerobic respiration seen in the diauxic shift (Figure [5B](#F5){ref-type="fig"}). In all media and in both phases of growth, the *sin3*null mutant showed lower levels of ATP (Figure [5A](#F5){ref-type="fig"}). Consistent with the lowered levels of ATP, the respiration rates were also decreased in the *sin3*mutants relative to wild type cells (Figure [5B](#F5){ref-type="fig"}). The findings that yeast *sin3*mutants are unable to grow on non-fermentable carbon sources and show lowered ATP and reduced oxygen consumption indicate that ySin3 is important for mitochondrial function. The observations that both yeast and *Drosophila*SIN3 affect mitochondrial activity imply an evolutionarily conserved role for SIN3 in the control of cellular energy production.

![**ATP levels and respiration are decreased in yeast *sin3*null mutants**. (A) ATP levels of yeast grown in YPD and non-fermentable carbon sources measured as ATP/μM/mg protein. Error bars represent standard error (n = 3). ATP present in whole cell extracts prepared from control and SIN3-deficient yeast was quantified using the bioluminescent method. (B) Respiration levels of yeast grown in YPD and non-fermentable carbon sources measured as O~2~consumption in μM/min per mg of protein. Error bars represent standard deviation.](1471-2091-11-26-5){#F5}

Discussion
==========

We previously established that the expression of numerous nuclear encoded mitochondrial genes was up-regulated in *Drosophila*tissue culture cells following the loss of the corepressor SIN3 \[[@B5]\]. In research described in this current work, we first determined that the changes in gene expression following loss of SIN3 are unlikely due to off target effects of SIN3 RNAi. Targeting two different regions of the SIN3 mRNA results in similar changes in gene expression, indicating that the changes are likely due to loss of SIN3 and not to an effect of another gene that contains a short similar sequence. In addition to the changes in expression of the nuclear encoded genes, loss of SIN3 results in an up-regulation of mitochondrial encoded genes. Although we observe changes in gene expression, we find that mitochondrial genome copy number is unaltered. The changes in gene expression prompted us to examine mitochondrial function in SIN3-deficient cells. SIN3-deficient cells show changes in ATP levels and respiration rates, suggesting that the increases in gene expression result in altered oxidative phosphorylation capacity. A necessary role of SIN3 for normal mitochondrial function is supported by the finding that yeast *sin3*mutants are unable to grow on non-fermentable carbon sources, conditions which require active mitochondria for ATP production.

Consistent with numerous published reports, we have determined that loss of ySin3 is dispensable for fermentative growth \[[@B9]\]. In contrast, ySin3 is critical for growth when respiration is required (Figure [4A](#F4){ref-type="fig"}, Additional files [2](#S2){ref-type="supplementary-material"}, [3](#S3){ref-type="supplementary-material"}, [4](#S4){ref-type="supplementary-material"} and [5](#S5){ref-type="supplementary-material"}). Genome wide studies have been conducted to identify yeast mutant strains that have the ability to grow on YPD and exhibit reduced growth on non-fermentable carbon sources but failed to identify *SIN3*\[[@B39]-[@B42]\]. Several possible explanations may account for false negatives in global screens, three of which are discussed by the authors of one of the global screen studies \[[@B40]\]. First, methods of analysis for growth and scoring differ. Second, there may be phenotypic plasticity between mutants in different strain backgrounds. Third, the yeast deletion collections are known to accumulate errors, and it is well-established that deletion strains must first be tested to ensure that the deletion is correct. Obviously, this cannot be done when carrying out global screens. In addition, in the global study of Steinmetz *et al.*\[[@B39]\], the *sin3*mutant did not grow well when cultured in any of the different carbon sources under the assay conditions tested, including YPD. Pools of mutants were cultured in various media and growth of individual mutant strains of the pool was compared to average growth in the culture. It is possible that the *sin3*strain was not able to grow in any of the assay conditions in such pools of mutants. All of the above are potential reasons as to why *SIN3*was not identified in a global screen for genes required for respiratory activity. In this study we demonstrate that, when assayed as an individual strain, the *sin3*mutant grows very poorly in non-fermentable media, indicating that ySin3 is required when cells are forced to respire. Consistent with this data, *sin3*mutants have lower levels of ATP and decreased respiration rates.

Work from multiple laboratories has indicated that there are many similarities between yeast and metazoan SIN3, including the fact that SIN3 acts as a global regulator of transcription and that it functions in the context of the SIN3 histone deactylase complex \[[@B9]\]. One major reported difference between yeast and metazoan SIN3 is the requirement of this gene for viability. ySin3 is dispensable for growth while metazoan SIN3 is an essential gene \[[@B9],[@B45]\]. Analysis of conditional knockdown of *Drosophila*SIN3 mutants suggests that SIN3-deficiency leads to death due to defects in cell cycle progression rather than due to alteration of a specific developmental pathway \[[@B8]\]. In this work, we have found that ySin3 is required for cell growth when mitochondrial function is necessary for ATP production. It is thus possible that, rather than being essential for some specific process of development, the metazoan requirement for SIN3 is due to its requirement for normal mitochondrial activity. We hypothesize that loss of SIN3 leads to a defect in mitochondrial function that in turn leads to a defect in cell cycle progression. Links between cell cycle control and mitochondrial activity are well established. Myc: Max heterodimers positively regulate the cell cycle while Rb-E2F complexes repress genes necessary for cell cycle progression \[[@B46],[@B47]\]. Both sets of factors have been linked to regulation by NRF-1, a key transcription activator of nuclear encoded mitochondrial genes \[[@B48],[@B49]\]. SIN3 has been linked to both the Max transcription network and to regulation by Rb, supporting the hypothesis that SIN3 regulation of mitochondrial biogenesis and activity is linked to cell cycle control \[[@B18],[@B50]\]. It was recently shown in mammalian cells that changes in mitochondrial morphology are crucial for cell cycle control. At the G~1~-S checkpoint mitochondria are organized as a large fused network with higher mitochondrial membrane potentials, increased ATP levels and increased respiration rates, whereas in other stages of the cell cycle, mitochondria are predominantly in the fission state \[[@B51]\]. Lower ATP levels and respiration rates caused by SIN3 knockdown (Figure [3](#F3){ref-type="fig"}, depleted condition) may thus interfere with cell cycle progression at the G~1~-S transition.

In addition to its role in gene regulation, SIN3 might directly regulate energy metabolism as a participant in cell signaling. There is clear evidence that signaling pathways regulate mitochondrial respiration and energy levels, e.g., the cAMP and inflammatory pathways lead to phosphorylation of cytochrome *c*oxidase, the terminal enzyme of the electron transport chain, followed by changes in respiration and ATP levels \[[@B52],[@B53]\]. SIN3 might exert a stimulatory signal required for normal mitochondrial function. The observation that reduction in SIN3 results in decreased ATP levels and respiration is perhaps surprising in light of the finding that expression of many genes encoding proteins with mitochondrial function are up-regulated. Up-regulation of nuclear encoded mitochondrial genes upon SIN3 knockdown may therefore be a compensatory response to an increase in the mitochondrial component due to dysfunctional energy metabolism, as is seen when yeast must adapt to mitochondrial respiration in full dependence on glycolysis (Figure [4](#F4){ref-type="fig"}, YPD). Alternatively, mis-coordination of mitochondrial gene expression in the SIN3-deficient cells may result in the observed altered mitochondrial function because loss of SIN3 leads to an increase in expression of many but not all genes involved in mitochondrial processes \[[@B5]\]. As has been previously suggested, an imbalance in the level of the proteins present in complexes important for energy production may result in mitochondrial malfunction \[[@B48],[@B54]\]. Finally, key links between regulation of acetylation and metabolism are highlighted in recently published data indicating that ATP-citrate lyase is important for maintenance of histone acetylation levels in growing cells \[[@B55]\]. It is possible that SIN3 knockdown affects acetylation resulting not only in changes in gene expression but also altered pools of key metabolites and an inappropriate response of the mitochondria to these abnormal signals. It will be of interest to further investigate the relationship between histone acetylation and mitochondrial function to better understand control of cellular metabolism.

Conclusion
==========

In summary, mitochondrial activity was affected following loss of SIN3 in both *Drosophila*cultured cells and in yeast. This abnormal mitochondrial function may lead to cell cycle defects and thus affect cell and organism viability.

Methods
=======

Cell culture and RNA interference
---------------------------------

*Drosophila*S2 cell culture and RNAi was carried out as previously described \[[@B56]\]. RNAi was performed using dsRNA corresponding to two distinct regions of SIN3 mRNA. SIN3 RNAi knockdown \#1 dsRNA is targeted against a sequence encoded in exon 3. The construction of targeting sequence \#1 in pCRII-Topo vector (Invitrogen) is described in \[[@B56]\]. SIN3 RNAi knockdown \#2 dsRNA is targeted against exon 4. The sequences in the pCRII-Topo vector were generated using the following primer set (oriented 5\' to 3\') TCACCAAGTTATGGCATTCC and CTTAGGTACTGTGGACTGCG. Mock RNAi treated cells served as the control.

RT-PCR analysis
---------------

Total RNA was extracted from tissue culture cells using the RNeasy purification kit (Qiagen). cDNA was generated from total RNA using the ImProm-II Reverse Transcription System (Promega) with random hexamers. The cDNA was used as template in a quantitative real-time PCR (qPCR) assay. The analysis was performed using ABsolute SYBR Green ROX master mix (Fisher Scientific) and carried out in a Stratagene Mx3005P real-time thermocycler. Primers used are listed in Additional file [1](#S1){ref-type="supplementary-material"}. Primers were designed using PRIMER3 primer design software \[[@B57]\], except primers for TFAM, TFB1, TFB2, TTF, CG4464 which were described previously by Dubessay, *et al.*\[[@B58]\]. TAF1 was used to normalize cDNA amounts in the comparative analysis.

Western blot analysis
---------------------

Western blot analysis was performed in accordance with standard protocols \[[@B59]\]. To prepare whole cell extracts, cells were pelleted by centifugation and then lysed in Laemmli sample buffer (Bio-Rad) at a concentration of 1.5 × 10^4^cell/μl of buffer. Protein concentration was determined using the DC protein assay reagent (Bio-Rad) according to the manufacturer\'s protocol. Protein extract (15 to 20 μg) was fractionated by sodium dodecyl sulfate (SDS) 8% polyacrylamide gel electrophoresis (PAGE), transferred to a polyvinylidene difluoride membrane, (PVDF; Pall), and probed with immunoglobulin G (IgG) purified polyclonal rabbit antibodies against SIN3 (1:2000) \[[@B60]\], followed by donkey anti-rabbit horseradish peroxidase-conjugated IgG (1:3000) (GE Healthcare), and detected with enhanced chemiluminescence reagents (GE Healthcare). The blots were subsequently probed with monoclonal mouse antibody against β-tubulin (1:1000) (Sigma), followed by sheep anti-mouse horseradish peroxidase-conjugated IgG (1:3000) (GE Healthcare) as a loading control.

Genome copy number determination
--------------------------------

Genomic DNA was prepared from tissue culture cells according to standard protocol \[[@B61]\]. The isolated DNA was used as a template in a qPCR assay. The analysis was performed using ABsolute SYBR Green ROX master mix (Fisher Scientific) and carried out in a Stratagene Mx3005P real-time thermocycler. Primers used amplified three nuclear and four mitochondrial genomic regions and are listed in Additional file [1](#S1){ref-type="supplementary-material"}. CG11784 (glutathione transferase) genomic sequence was used to normalize the DNA amounts in the reaction.

Determination of cellular ATP levels
------------------------------------

*Drosophila*S2 or yeast cells were grown in culture to yield approximately 1 × 10^7^cells. Cells were transferred to 15 ml Falcon tubes, pelleted by quick spin at 805 × *g*, rinsed with 1.5 ml of PBS, and re-pelleted in 2 ml microcentrifuge tubes at 16,100 × *g*for 15 sec. After discarding PBS, cells were quick frozen in liquid nitrogen and stored at -80°C until measurement. Cell pellets were supplemented with 300 μl of boiling buffer (100 mM Tris, pH 7.75, 4 mM EDTA) and immediately transferred to a boiling water bath and lysed for 2 min, put on ice, and solubilized by ultrasonication. ATP concentration was determined using the ATP bioluminescence assay kit HS II (Roche Applied Science) according to the manufacturer\'s protocol. Data were standardized to the protein concentration, as was determined with the DC protein assay kit (Bio-Rad). For protein determination of the yeast samples, 100 μl of a 20% SDS solution was added and ultrasonicated again to completely solubilize proteins.

Respiration assay
-----------------

Cells were collected and protein concentration was determined with the DC protein assay kit (Bio-Rad). Cells were then washed with PBS, and resuspended in Schneider\'s *Drosophila*media for S2 cells (GIBCO, Invitrogen) or complex media for liquid yeast cultures containing yeast extract (1%), peptone (2%), and either glucose (2%), ethanol (1%) or ethanol (1%) plus glycerol (2%) (Difco, Fisher Scientific) to 1 mg/ml final protein concentration. Oxygen consumption of the cells was measured in a closed 200 μl chamber equipped with a micro Clark-type oxygen electrode (Oxygraph system, Hansatech) at 25°C and analyzed with Oxygraph software. 500 μM KCN was added at the end of the each measurement to inhibit cytochrome c oxidase. Non-cytochrome *c*oxidase-based respiration was subtracted to determine oxygen consumption rates. Respiration was defined as oxygen consumed (μM/min per mg protein).

Yeast growth assay
------------------

Glucose, yeast extract and peptone were obtained from Difco. Glycerol was obtained from Fisher Scientific. All chemicals used were reagent grade or better. Yeast cultures were maintained in 15% glycerol at -80°C for long term storage and on YPD plates for short term storage. Complex media for liquid cultures contained yeast extract (1%), peptone (2%), and either glucose (2%), ethanol (1%) or ethanol (1%) plus glycerol (2%). For the liquid growth curve assay, 5 ml of YPD liquid media was inoculated with a single colony from a solid agar YPD plate and the yeast strains were grown to stationary phase by overnight culture. The volume of stationary culture needed to make 25 ml culture starting at 0.05-0.06 OD (at 550 nm) was transferred to a 1.5 ml tube and the cells pelleted by centrifugation. The yeast pellet was washed 2 times with 1 ml of ddH2O and then resuspended in 25 ml of media containing the different carbon sources. The cultures were incubated at 30°C with shaking at 230-270 rpm. The absorbance at 550 nm was determined at the indicated times to follow the growth of the culture. For the plate assay, strains were grown to stationary phase as above, counted on a hemocytometer, washed 2 times with 1 ml of ddH2O and 300 cells were spread onto respective agar plates. The plates were incubated at 30°C for 3-6 days. The deletion mutants were verified by PCR using the following primers (oriented 5\' to 3\'): Sin3, ATCACCCTCGCCCTAAATC and CCGGTGTGTCTATTGCCTG; Rpd3, TTCGGCATCCCTAGGTGGTGATT and TCTGCTGTCGTGTTACAGTGTGGT.

Strains used:

BY4741 (WT) *MAT a, his 3Δ1, leu 2Δ0, met 15Δ0, ura3Δ0*

BY4741 *sin3Δ MAT a, his*3Δ1, *leu 2Δ0, met 15Δ0, ura3Δ0, sin3Δ::KanMX4*

FY23 (WT) *MAT a, ura3-52, trp1Δ63, leu2Δ1*

FY23 *sin3*Δ *MAT a, ura3-52, trp1Δ63, leu2Δ1, sin3Δ::KanMX4*

BY4733 (WT) *MAT a, his3Δ200, trp1Δ63, leu2Δ0, met15Δ0, ura3Δ0*

BY4733 *sin3*Δ *MAT a, his3Δ200, trp1Δ63, leu2Δ0, met15Δ0, ura3Δ0, sin3Δ::KanMX4*

BY4742 (WT) *MATΔ, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0*

BY4742 *rpd3Δ MATΔ, his3Δ1, leu2Δ0, lys2Δ0, ura3Δ0, rpd3Δ::KanMX4*

Yeast DAPI staining
-------------------

To stain nuclear and mitochondrial DNA, yeast cells were cultured to the mid-log phase, fixed in 70% ethanol at room temperature for 30 min, washed once with ddH2O, and stained with 500 ng/ml DAPI (Sigma) for 5 min. All microscopy was performed using a Zeiss Axioscope 2 fluorescence microscope. Images were acquired using Olympus QCapture2 software (1000× magnification).
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###### Additional file 1

**Primer pairs used in this study**. This table lists all primer pairs used for qPCR gene expression analysis.

###### 

Click here for file

###### Additional file 2

***sin3*mutant cells grow very poorly on solid agar plates containing non-fermentable carbon sources**. This file contains images showing the growth of wild type and a *sin3*mutant on solid agar plates containing YPD or non-fermentable carbon sources.

###### 

Click here for file

###### Additional file 3

**Additional *S. cerevisiae*strains demonstrate ySin3 is critical for growth in media prepared with non-fermentable carbon sources**. This file shows growth curves for two additional *S. cerevisiae*strains, with differing genetic backgrounds, in media prepared with YPD or non-fermentable carbon sources.

###### 

Click here for file

###### Additional file 4

**A second *S. cerevisiae*strain demonstrates ySin3 is critical for growth on media prepared with non-fermentable carbon sources**. This file contains images showing the growth of wild type and a *sin3*mutant of different genetic background on solid agar plates containing YPD or non-fermentable carbon sources.

###### 

Click here for file

###### Additional file 5

**A third *S. cerevisiae*strain demonstrates ySin3 is critical for growth on media prepared with non-fermentable carbon sources**. This file contains images showing the growth of wild type and a *sin3*mutant of different genetic background on solid agar plates containing YPD or non-fermentable carbon sources.

###### 

Click here for file

###### Additional file 6

**Mitochondrial genomes are observed in all *sin3*and *rpd3*mutants**. This file contains images of DAPI staining of nuclear and mitochondrial DNA in wild type and *sin3*and *rpd3*mutant cells.

###### 

Click here for file

###### Additional file 7

***rpd3*mutant cells grow very poorly on solid agar plates containing non-fermentable carbon sources**. This file contains images showing the growth of wild type and an *rpd3*mutant on solid agar plates containing YPD or non-fermentable carbon sources.

###### 

Click here for file
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